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An Experimental Study of Upper
Hot Layer Stratification in Full-
Scale Multiroom Fire Scenarios

This paper describes an experimental study of the dynamics of smoke filling in
realistic, full-scale, multiroom fire scenarios. A major objective of the study was to
generale an experimental data base for use in the verification of mathematical fire
simulation models. The test space involved 2 or 3 rooms, connected by open
doorways. During the course of the study the areas were partitioned to yield four
different configurations. One of the rooms was a burn room containing a methane
burner which produced either a constant energy release rate of 25, 100, or 225 kW
or a time-varying energy release rate which increased linearly with time from zero at
ignition to 300 kW in 10 min. An artificial smoke source near the ceiling of the burn
room provided a means for visualizing the descent of the hot leyer and the dynamics
of the smoke filling process in the various spaces. The development of the hot
stratified layers in the various spaces was monitored by vertical arrays of ther-
mocouples and photometers. A layer interface was identified and its position as a
Sfunction of time was determined. An analysis and discussion of these results are

- presented,

NOMENCLATURE
AB’ AC' AL areas of burn room, corridor, and lobby
CP specific heat at constant pressure
e specific internal energy
H floor-to-ceiling height
h, hamb specific enthalpy and its ambient value
N value of N in N percent rule, Eq. (2)
n an integer
n unit normal vector
P absolute pressure
Q total energy release rate of fire
Qramp value of Q for ramp fire, Eq. (1)
S internal bounding surface of enclosure
T, Tamb temperature and its ambient value
ty £* time after ignition
v velocity vector
z distance above floor
z, z for interface
ztop z for top thermocouple or photometer
Ap burn room~corridor ceiling pressure

difference
ZEA. ZE-, ZTE AT at positions A, D, and E
ATmin a minimum value of NATref/lOOO
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AT £ a reference temperature difference,
ke see above Eq. (2)

AT vertical average of T-Tamb

Az vertical distance associated with
n thermocouple n

Ar fraction of Q radiated from fire

Ac fraction of Q transferred out of S

O Pomb density and its ambient value

T volume of enclosure

INTRODUCTION

In recent years there has been considerable
research activity in the dynamic modeling of
environmental conditions which develop in enclosed
spaces as a result of hazardous fires. Attention
was originally focused on single space enclosures
with ventilation from single openings [1,2,3]

(a closed or partially opened window or door). Work
has recently been initiated on the development of
computer programs which model the spread of combustion
products through connected, multiroom configurations
with multiple ventilation openings [4,5,6]. In order
to gailn confidence in these analytic tools, and to
improve their predictive capability, comparisons
between theory and full scale experiments are
required. To some extent such comparisons have

already been successfully carried out [7,8,3].




A mafor goal of all this mathematicel modeling .
activity 4s to provide a tool for estimating the
development of hazafdous conditions in real fire
scenaiios. In terms of life safety considerations,
one is particularly concerned with reasonabiy accurate
modeling of the environmental conditions from the
time of fire ignitions until the time when 1ife
threatening conditfons start to prevail. It is during
such time intervals that sucéessful fire detection and
occupant egress must occur if a basic condition of
safety is to prevail in an occupancy of interest [91.
The present experimental sfudy'is concerned with\these
relatively early time intervals which immediately
foliow the ignition of 1life threatening fires.

OBJECTIVE OF THE STUDY

Enclosure fire models differ in a variéty of ways.
An example of where considerable variation exists is
in the degree of detail in the physical description of
the actual combustion zone located in the room of fire
origin. In spite of such differences there is one
feature which is common to all single or multiroom
zone-type enclosure fire models; namely, a two-layer
description of the intraroom environmental conditions.
In the two-layer description, the environment in each
room of a modeled space is described by a uniform lower
layer of relatively cool and unpolluted ambient air and
by a uniform upper layer of elevated temperature, and
partially diluted products of combustion. The two
layers are assumed to be divided by a sharp horizontal
material interface. In the room of fire origin, the
products of combustion are diluted with entrained lower
layer ambient air as they rise in a plume from the
combustion zone itself to the developing upper layer.
In the vicinity of open connecting doorways or windows,
the upper layer and lower layer of the burn room
exchange mass with the layer pairs of adjacent spaces.
Similar continuous exchanges between all other connected
adjacent spaces also takes place as the various upper
layers continue to grow in depth, in temperature and

in combustion product concentration.

If the simulations of a specific mathematical
model. (which incorporates the two layer approach) are
to be used with confidence for a given class of threat-
ening fire scenario, then at least two prior conditions
must have been met, The first condition is that the
two-layer model is shown to represent a reasonable

qualitative description of the real fire environments
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of interest. The second condif&gﬁkis5tpat ggéé*igaf ‘
tive predictions of the model compare favorab%ykwfth
actual data acquired during full scale firé'tésts.
Furthermore, these latter prototype fire tests should
cover a significant range of the key parameters‘which
are descriptive of the class of threatening fire

scenario of interest.

It was the objective of the present study to
generate an experimental data base on the dynamics éf
smoke filling in realistic full scale multiroom fire.
scenarios so that the data generated by theseiﬁests‘f
and tabulated here will provide a basis for the above
mentioned comparative checks between theory and -

experiment.
DESCRIPTION OF THE TEST PROGRAM

The test program consisted of a series of
separate tests involving a variety of space configu-

rations and fire energy release rates.

' For a given test the test space involved either
2 or 3 rooms connected by open doorways, all having
a nominal 2.36 m ceiling height. The wall and ceiling
surfaces of all rooms were lined with 13 mm thick
gypsum board, and the floors were concrete. During
the course of the test program the space was parti-
tioned to yield four different configurations ranging
These

The doorway

in total plan area from 40.6 m2 to 89.6 mz.
configurations are sketched in Figure 1.
between the burn room and its adjacent space (desig-
nated here as the corridor) was 2.0 m high and 1.07

m wide. The doorway between the corridor and the
next adjacent space (designated‘as the lobby) was

2.01 m high and 1.32 m wide.

BURN ] BURN
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[} [}
CORRIDOR AND LOBBY 89.6 m? v FYLL CORRIDOR 62.4 m?
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ROOM
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[ /// .
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Fig. 1 Sketches of four test configurations with
indications of the location of vertical
instrument arrays (A,B,C,D, and E) and of
video cameras (V).
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An attempt was made to‘séal cracks and penetra-
tions in the bounding surfaces of the test space.
A 0.75 m x 0.94 m hole with clear opening to the
outside (thfough an unused room and open window of
the test facility) was provided next to the floor in
a wall surface of the corridor. In concert with the
above attempts at sealing all surfaces, the hole was
to provide the major leakage path for mass exchanges
between the test space and the outside environment.

Each test used the same burn room of 14.0 m2

area. The room contained a 0.30 m x 0.30 m square
methane diffusion burner whose burn surface was
positioned 0.24 m above the floor and approximately
in the center of the room. After ignition from

a pilot light, fuel supply to the burner was manually
controlled from an outside metering system to produce
one of four possible energy release rates; a constant
rate, Q, of 25 kW, 100 kW or 224 kW or a time varying

energy release rate, Qramp(t)’ of

Qramp(t) = 30 t kW,

0 < t (t in minutes) (1)
where the time from ignition, t, never exceeded 10
minutes. These bear a similarity to energy rates that
would develop from fires in wastepaper baskets,

upholstered chairs and mattresses.

McCaffrey [10] has studied the free burn charac-

teristics of the particular burner used in these tests.

Using methane for a fuel, and for fire powers between
50 kW and several hundreds of kW he found that, of the
total energy release rate of the fire, a fraction,

Ar' of approximately 0.24 is radiated away from the
combustion zone. For a 25 kW fire power he found

Ar to be 19 percent.

With methane as a fuel the burner produced very
1ittlé smoke. 1In order to have a visual tracer of the
combustion products as they spread throughout the
space, an artificial source of smoke was introduced
into the ceiling jet of the burn room. Thus, in
every test a highly visible white smoke was generated
by a smoke candle and mixed with the fire's products
of combustion near their source for up to five
minutes. Effective visualization of the upper smoke
layers was achieved by deploying flourescent light

fixtures on the floor of the corridor and lobby.

For each of the four spatial configurations of
Figure 1, a separate burn test was run for each of

the four energy release rates (16 test runs). For

the 100 kW fire power and full corridor configuratitn
of Figure 1, three additional tests were also run. .
In these test runs the burn roomto~corridor doorway
width was reduced to 1/2, 1/4, and 1/8 of its full

value.
INSTRUMENTATION

The data acquired during the tests included
temperature measurements from vertical arrays of
eight thermocouples each. The arrays were located
at positions A, B, C, D, and E which are identified
in Figure 1. Note that the position of E shifts
from one configuration tb'the nekt, but that positions
A, B, C, and D are identical for all configurations.
Bare wire, 0.25 mm Chromel-Alumel thermocouples were
used. Except for doorway position, B, all arrays
used identical 0.30 m spacing of the thermocouples
with the bottom one being 0.15 m from the floor and
the top one being approximately 0.07 m from the
ceiling. For the B array the top and bottom thermo-
couples were 0.30 m, respectively, from the doorway
lintel and the floor, and the spacing of all thermo-

couples was approximately 0.20 m.

Visual evidence of the development and growth of
combustion product laden upper layers was obtained by
vertical arrays of photometer transmitter-receiver
pairs, each transmitter and receiver being separated
by a horizontal distance of 1 m. The photometers had
been used previously by Bukowski and are described in
[11].

they were located at positions B, D, and E,

The arrays each had four photometer pairs, and
The
photometers at B were positioned 1.04 m, 1.38 m,

1.73 m and 1.91 m above the floor, while those at

D and E were positioned 0.33 m, 0.93 m, 1.56 m and
2.19 m above the floor. (In the corridor-lobby

configuration the 0.33 m photometer was not deployed.)

Visual evidence of layering was also obtained
by post-test observations of video tapes which
recorded the obscuration of vertical arrays of micro-
miniature incandescent lights. Two arrays of lights
were set up at positions D and E. The lights were
placed adjacent to and at identical elevations of

the D and E thermocouple arrays.

A separate video tape recorder camera with lens
approximately 0.5 m from the floor was directed at
A third video

recorder camera was placed directly across the

each of the two arrays of lights,

corridor from the burn room with full view of the




burner surface, the pilot and the near-ceiling smoke -
candle.- The three cameras were positioned immediately
outside of the test space at locations indicated in - .
Figure 1. Visual access for the first two of these
cameras was through plastic inserts in closed doors
at the ends of the corridor, or, in the case of the
corridor~lobby configuration, at the end of the lobby
The third

camera viewed the burn room through a plastic insert

and at the closed end of the corridor.

in the corridor wall.

A single pair of static pressure taps, located
at positians A and C and approximately 0.05 m from
the ceiling was used to measure the pressure difference
between the burn room and the corridor. The measuring
system had been used previously by Steckler, and it is
described in [12].

array data and this reference pPressure difference it

With the A and C thermocouple

should be possible to construct the time varying verti-
cal pressure difference field that drives the flow

across the burn room-corridor doorway.

During every test a multichannel analog~digital
recorder system acquired the data from all the thermo-
couples and photometers and from the single pressure

difference transducer at five second intervals.
EXPERIMENTAL PROCEDURE

The procedure during a given test run was as

follows:

All photometer lenses were cleaned and their out-
puts were nulled. A member of the test team lit the
pilot and evacuated the test space. The smoke candle
fuse was ignited by means of wooden matches which were
themselves ignited with an externally activated elec-
trically controlled hot wire. At the instant that the
candle started to smoke, as viewed from the cross—
corridor camera, the fuel control system was operated
to provide the appropriate rate of fuel supply, and the

data acquisition recorder was activated.

The conditions in the test space were observed by
television monitors which received the signals from the
three video cameras. The test continued for 1-3 minutes
past the time that smoke obscured the entire test space.
At this time the fuel supply, the pilot, and all data
collection was terminated. The doors to the test space
were opened, and a forced ventilation system was used

to clear the smoke.

The tests were run during the daytime in the
sﬁmmer. Teets were separated by 8 time interval of at
least two hours so that at the beginning of a run the
test space would be smoke-free and with ambient

temperature surfaces.
RESULTS AND DISCUSSION

General Observations

In terms of visual observations, a two-layer
description of the environments was well substantiated
throughout each room, for all test cases, and at least
until the upper smoky layer thickness increased to
1/2-2/3 of the total floor-to-ceiling height. After
that, the interface position became significantly more
diffuse, and the optical density of ‘the corridor (and
lobby) lower layers appeared to sfeadily increase to a

state of total obscuration.

The two-layer visualization remained sharper to
greater interface depths for tests with more rapid
growth of upper layer thickness, (i.e., for test
runs with relatively larger fires and relatively

smaller floor areas).

Even at early times, though much more so at
later times, the introduction of smoke from the upper
layer to the lower layer“was'observed to be by
descending wall jets or (inverted) thermals. It is
conjectured that these wall layers were generated in
the elevated temperature upper layer as a result of
heat transfer from the near-wall gases to the
relatively cool wall surfaces. Surface cooling of
these gases would result in dowvnward directed low
speed wall jets (net buoyant forces near the wall
being directed downward toward the floor). These
would emerge from the upper layer and continue their
descent into the lower layer. Once in the cool lower
layer, reverse net buoyant forces on these warm wall
Jets would retard their descent and promote their
mixing with the relatively cool and clear lower layer

environment.

Position of the Interface

A major purpose of the test program was to
generate a data base that would be generally available
for future comparisons with the predictions of
analytic models. A useful component of such a data
base would be the interface elevation in each separate
space for a given test run. It is possible to

construct such elevation histories from the thermo-




couple data, the photometer data, and the light
obscurdtion data, However, to do this, an operational
definition of the precise position of the interface
is required. Thus, although the above-mentioned
qualitative visual observations are consistent with
a two (homogeneous) layer sharp interface type of
zonal model, this is not necessarily the case of the
quantitative data of, say, the vertical thermocouple

arrays,

An example of the rather diffuse nature of the
interface as viewed from the perspective of the thermo-
couple data is indicated in Figure 2. There, the
thermocouple data from the corridor arrays C, D, and
E are plotted at time t = 165 sec when the visual
observations of 1light array obscuration at both
positions D and E indicated (to within five seconds)
It is

evident from this plot that a two-homogeneous-layer

an interface position 0.76 m above the floor.

description of the environment in the corridor is an
approximation to the actual state. In order to use
such an approximation an interface position must be
determined from an unambiguous, albeit subjectively

formulated, temperature and photometer. data reduction

scheme. Toward this end the following N percent rule
for defining interface elevation was formulated:
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First the rule to be used with thermocouple

arrays: At a specific time into a test run one

computes a reference upper layer temperature differ-

ence ATref(t) = max [T(ztop' t)] - Tamb( p) where

z
to
T(z,t) is the temperature at elevation z and time t,

z is the elevation of the top thermocouple,

top
T (z) = T(z, t = 0) and max [T(z,t*)] 1is the

amb

maximum value of T(z,t) in the time interval
0 <t < t*, Then by the N percent rule the interface
is defined as passing the elevation zi(t) at that

time t when 2, first satisfies.

T(zi,t) -T (zi) = NATref(t)/loo 2)

amb

Also, z, is defined as monotonic in t, i.e., as time

goes oniit is assumed that the upper layer never
decreases in thickness. Finally, to account for

experimental error in temperature measurements it is
reasonable to apply the rule only at such times when
the right hand side of Egq.

(ATmi

(2) exceeds some minimum

value ATm n here was taken to be 0.5°C.)

in®
An analogous N percent rule to be used with
vertical photometer arrays was also formulated, by
interpreting ztop as the elevation of the top photo-
meter, and by appropriately substituting optical
density for temperature in the above. An interface
definition similar to the N percent rule was used

in [8].

Results of applying the above rule for N = 10,
15, and 20 were obtained for all thermocouple and
photometer array data of the 100 kW, full corridor
test run (intermediate fire size, intermediate area).
The reduced data points for interface elevation which
correspond to the fire array locations A-E are plotted
in Figures 3a-e, respectively. The 10, 15, and 20
percent rule was also applied to the D array data
acquired during the 25 kW, corridor-lobby test run
(smallest fire, largest space) and during the 225 kW,
1/2 corridor test run (largest fire, smallest space).
These latter results are plotted in Figures 3f and g.
Also included in Figures 3d-g are interface elevation
data points obtained from the time of obscuration of
the vertical light arrays at D and E. These data
were generated by one number of the test team who
reviewed the appropriate video tape data. Finally,
each of the Figures 3a-g includes an analytic estimate
ihese

curves, desigﬁated as single room estimates, are

of the history of the interface elevation.

predictions of the interface histories that would




result from point sources of strength (err)Q located
on the' floors of single room enclosures (with leakage
from below) whose areas are identical to the total
Plan areas of the respective multiroom spaces [1,9].

It has been suggested in [9] that for "freely
connected" multiroom enclosure fires such relatively
easily obtainable predictions may provide reasonable
approximations to actual interface elevation histories.
The present experiments appear to provide a degree of

support for this contention.

From a study of the data of Figure 3 1t was
concluded that application of the 10 percent rule
would provide a reasonable basis for an experimentally
determined interface elevation history. The rule for
N = 10 was therefore applied to all data of all test
runs. The results are presented in Table 1. Also
included in Table 1 are the interface elevation
histories determined from observations of vertical

light array obscuration.

Vertically Averaged Temperatures

It is beyond the intended scope of the present
Paper to include all of the thermocouple data acquired
during the test program. Nevertheless, results which
indicate the actual magnitude of the measured tempera-
ture increases (as compared to the relative distri-
bution of temperatures per Table 1) would constitute
a valuable addition to the data base presented here.
Toward this end and for the ﬁeighbofhood of any parti-
cular thermocouple array the time-varying vertically

averaged temperature increase, Ki.is estimated from

H
8T(t) = & (T(z,6)-T,__ (2)1dz
0
L8
4 rZl=l[T(zn,t)—T‘,mb(zn)]Azn 3)

where Z, corresponds to the elevation of the nth
thermocouple in the array, and Azn is the vertical

zone of influence associated with this thermocouple.
Eq. (3) was applied to all arrays but B. 1In doing so,

Azl to Az7 were taken to be .305 m, and Az8 was taken

to be between .191 and 241 m depending on location.

As an illustration of the above data reduction
scheme the AT's from the thermocouple arrays of the

100 kw full corridor test and the full corridor ramp

fire test are plotted in Figures 4a and b, respectively.

The scheme was carried out for all test runs, and

smoothed results are presented in Table 2 for arrays
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A and D, and, in test runs with corridor-lobby config-

urations, for array E.

In Figures 4a and b the similarity between the
AT histories associated with all corridor thermocouple
arrays is noteworthy. A study of all corridor array‘
AT's revealed the persistance of this result during

all test runs. This is an indication of the relative
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Fig. 4 Vertically averaged temperature changes per
Eq. (3) at burn room and at corridor arrays;
Ac per Eq. (4); pressure difference, Ap,
across doorway.

uniformity in conditions along the length of the
corridor. On account of this uniformity, only Zfb'of
the corridor arrays is included in Table 2.

The Yleat Transfer to Bounding Surfaces

A necessary prerequisite to the successful
modeling of enclosure gas temperatures is an estimate
of the total rate of heat transfer to bounding surfaces
of the enclosure. As indicated in [9] it 1s useful to
exoress this heat transfer as a fraction, Ac’ of the
Thus, Ac

Q(t) is defined as the instantaneous total rate of

fire's instantaneous ener release rate.
y

heat transfer, radiation plus convection, to the

bounding surfaces of the enclosure.

According to a derivation presented in the
Appendix, Ac in the present experiments can be

estimated from

Camb®p " dBT(t)
Q(t) dt

A ) =1 - (4)
where P amb is the ambient density, Cp 1s the specific
heat at constant pressure and T is the total volume of
the test space. Here AT is the temperature increase
above ambient averaged over the entire test space,

and it can be estimated from
AB ATA(t) + AC ATD(t) + AL ATE(t)
Ap * Ao+ 4

where AB is the area of the burn room, and AC and AL

are the utilized areas of the corridor .and lobby,

(5)

AT(t) =

respectively. With the results of the previous section
and using data smoothing techniques Ac(t) has been
obtained from Eqs. (4) and (5) for all test runs.

These Ac histories are presented in Table 2. The
values of f amb and Cp were taken as 1.18 kg/m3 and

240 cal/kg°C), respectively. lc

Figures 4a and b for the 100 kW, full corridor test

is plotted in

and for the full corridor, ramp fire test, respec—

tively.

It should be noted that the Table 2 estimates
of Ac do not account for the changing enthalpy content
This could lead to
large errors at early times of a test run when a
significant fraction of the dAT/dt of Eq. (4) is
associated with the gases in these zones. At t = 60

of the plume and ceiling jet.

sec, when such errors in the Ac estimates are likely
to be less important, the heat transfer losses for
all test runs are in the range of 51-74 percent of Q.

At this time heat transfer is still mainly to the




Table 1.

Time in seconds after ignition when the layer passes a
TD - vertical thermocouple array at position D per 10 percent rule;

glven z elevation according to:

PD - vertical photometer array at position D per 10 percent rule;

VD - visual obscuration of vertical iight array ‘at position D;

etc.
25 W 1/2 corridor 25 kW 3/4_corridor
z T b T P T, P Z . P, 4 T T T ™ P, T P Z T P,
meter A ¢ D (vg) E (VE) meter B B meter A & B (Vg) E (VS) meter B B
2.29 (81) (63) 2.29 (68) (86)
1.98 (97) (102) | 1.73 5 1.98 25 (86) (99) § 1.73 15
1.68 70 (110) (115) | 1.49 1.68 65 65 (99) (107) [ 1.49
1.56 85 1.38 45 1.56 35 60 1.38 65
1.37 35 75 (117) 105 (173)1 1.29| s8s 1.37 70 70 (106) (152) | 1.29
1.07 | 110 120 80 (139) 115 (183)| 1.09] 115 1.07 120 100 (136) (183) | 1.09 | 115
.93 130 1.04 110 .93 115 155 1.04 105
.76 | 185 140 (186) 130 (195) +90| 145 .76 150  (187) 150 (263) .90 | 145
.46 1 190 130 280  (200) (217) .70 165 246 | 290 245 215 (221) 175 (317) 70 | 195
.33 250 50| 255 .33 120 250 .50 | 270
215 [ 425 425 425 425 .30] 410 .15 | 370 370 370 365  (266) .30 {370
25 kW full corridor 25 kW full corridor and lobby
2.29 (81) (69) 2.29 (72) (124)
1.98 35 (101) (113) | 1.73 15 1.98 97) (162) | 1.73 60
1.68 20 125 100 (105) (118) | 1.49 1.68 120 (105) 1.49
1.56 105 125 1.38 55 1.56 145 270 1.38 105
1.37 140 110 (144) 120 (131)} 1.29| 8o 1.37 135 (133) (227) | 1.29
1.07 50 150 165 (215) 155 (185) | 1.09]| 170 1.07 | 105 240 (274) (243) { 1.09
.93 210 170 1.04 135 .93 190 275 1.04 145
.76 | 175 255 220 (241) 165  (211) .90 | 205 .76 | 210 370 (335) (281) .90 | 315
46 1 245 320 310 (278) 175  (264) 270 295 .46 | 595 430 595 (265) .70 | 595
.33 230 270 .50] 410 .33 285 280 .50
.15 | 590 slo 595 555 (233) -30| 610 .15 595 590 .30
100 kW 1/2 corxridor 100 kW 3/4 corridor
2.29 (47) 2.29 (48) (60)
1.98 15 (57) 10 1.73 10 1.98 20 (59) (65) | 1.73 0
1.68 50 40 (62) 1.49 1.68 45 45 (67) (111) | 1.49
1.56 50 1.38 30 1.56 55 35 1.38 15
1.37 55 (68) 55 1.29 1.37 50 50 (71) 35 (120) | 1.29
1.07 65 50 an 65 1.09| 60 1.07 85 70 (98) 90 (149) | 1.09} 75
.93 75 1.04 65 .93 85 105 1.04 70
.76 95 70 75 (94) 75 .90 80 .76 90 110 100 (126) 105  (209) .90 | 8o
46 1 140 125 135 70| 90 .46 | 125 170 180 125 (181) .70 [135
.33 145 125 .50 | 125 .33 175 140 .50 | 210
.15 1 280 295 250 295 2304 295 .15 ) 360 360 360 360 .30 {360
100 kW full corridor 100 kW full corridor and lobby
2,29 (61) (63) 2.29 (107) (64)
1.98 15 25 72) (76) | 1.73 10 1.98 (120) (74) | 1.73
1.68 65 45 (87) an | 1.49 1.68 135 115  (160) 155 (88) | 1.49
1.56 S5 65 1.38 25 1.56 1.38
1.37 70 55  (116) 60 1.29| 45 1.37 145 120 (175) 170 - (119) | 1.29
1.07 60 80 90  (144) 90  (131) | 1.09| 90 1.07 155 260 (187) 205 (261) | 1.09
.93 120 105 1.04 90 .93 1.04
.76 | 155 150 120 (165) 125 (1l64) .90 ] 100 .76 435 360 (214) (311) .90 | 410
246 | 245 240 210 (189) 225 .70 | 170 .46 | 435 435 435 305 .70 1435
.33 160 225 .50| 255 .33 .50
215 § 305 305 305 305 (246) .30 ] 305 .15 435 .30
225 kW 1/2 corridor 225 kW 3/4 corridor and lobby
2.29 {54) 2.29 (52) (85)
1.98 20 (64) 20 1.73 20 1.98 20 (60) (84) | 1.73 0
1.68 45 (67) 1.49 1.68 40 40 {66) 30 (115) | 1.49
1.56 60 1.38 25 1.56 50 35 1.38 5
1.37 55 (70) 55 1.29 1.37 55 50 an (144) | 1.29| 35
1.07 65 50 an 60 1.09 1.07 65 65 55 (88) 70 (152) | 1.09 | 60
.93 75 1.04 70 .93 70 1.04 65
.76 | 100 70 75 (99) 70 90| 75 .76 75 90 85 (112) 90  (177) 90| 75
L46 | 120 120 120 (117) 130 .70 85 «46 | 155 155 155 (152) 120 (179) .79 | 105
.33 140 .50 | 110 .33 150 .50 [155
.15 | 235 . 305 260 305 .30 245 .15 | 295 335 3490 330 30 | 310
225 kW full corridor 225 kW full corridor and lobby
2.29 (55) (60) 2.29 (82)
1.98 15 (70) (66) | 1.73 10 1.98 15 (121) (93) | 1.73 15
1.68 50 35 (79) 45 (70) | 1.49 1.68 50 35 (123) 70 (114) | 1.49
1.56 45 65 1.38 35 1.56 190 60 1.38 40
1.37 55 45 99) (85) | 1.29| 45 1.37 60 45 (137) 100 (161) | 1.29
1.07 65 85  (110) 70 (107) | 1.09| 80 1.07 160 150 (149) (224) | 1.09
.93 95 100 1.04 70 .93 195 95 1.04 120
.76 | 135 130 105 (127) 100 - (135) +90 | 100 <76 4 230 340 235 (177) 140 (242) .90 | 205
<46 1 190 190 200 (138) 185 (158) .70 | 160 246 | 295 365 365 (234) 215 (283) 70 | 365
.33 175 195 .50 | 205 .33 200 100 .50
.15 | 305 305 305 305 4301305 .15 | 365 . (257) 365 .30
ramp fire 1/2 corridor ramp fire 3/4 corridor
2,29 (88) (78) 2.29 (92)
1.98 (100) 87) | 1.73 25 1.98 (113) 1.73 120
1.68 85 90  (103) (109) | 1.49 1.68 105 110 (123) 1.49
1.56 95 1.38 60 1.56 120 100 1.38 65
1.37 105 (109) 110 (147) | 1.29| 80 1.37 145 115 (129) 1.29{ 70
1.07 120 (126) 125 (164) | 1.09 | 110 1.07 | 125 180 145 (141) 1.09 {165
.93 115 1.04 120 .93 150 155 1.04 130
.76 | 150 130 (145) 130 (168) .90 | 120 <76 | 225 190 170 (178) 195 .90
W46 1 165 135 210 (166) 140 .70 | 160 .46 | 315 265 245 225 .70 | 250
.33 195 .50 .33 225 225 .50 {265
.15 | 305 305 305 305 230 ) 305 .15 ] 360 360 360 .30 | 345
ramp fire full corridor ramp_fire full corridor and lobby
2.29 (70) (80) 2.29 ) (130) 1
1.98 30 (85) (89) | 1.73 5 1.98 (108) (184) | 1.73 120
1.68 100 70 (109) (96) | 1.49 1.68 250 190 (120) 280  (210) | 1.49
1.56 75 95 1.38 75 1.56 220 335 1.38 170
1.37 110 (129) 90  (129) | 1.29 1.37 | 130 280 (171) 310 (z221) | 1.29
1.07 30 140 130 (167) 125 (155) | 1.09 ] 145 1.07 | 145 335 315 (298) 325 (227) | 1.09 |335
.93 165 150 1.04 115 .93 340 340 1.04 260
.76 1 210 185 185  (192) 185  (200) .90 | 155 276 | 475 690 595 (360) 340  (261) .90 [ 510
.46 { 300 300 280 (222) 295  (243) 70| 275 46 | 590 720 720 475 .70 [ 720
.33 190 230 -50 | 305 .33 350 345 .50
215 | 305 _ 305 305 305 (243) .30 .15 | 720 720  (281) -30
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upper gurfaces of the burn room. Later, when the
surfaces of the adjacent spaces become available for
cooling, these losses reach a very large fraction of
Q, Ac approaching the general range .80-.95. These

results are consistant with observations in [91l.

The Pressure Differential Across the Doorway

For each test run, smoothed data for the time~
varying, near-ceiling, pressure differential, Ap,
between the burn room and the corridor are presented

in Table 2. Ap results are also plotted in Figures
4a and b.
SUMMARY

An experimental program involving a series of
dynamic, full-scale, multiroom fire scenarios was
carried out. The test parameters included 2 to 3
rooms, 4 different total floor plan areas, 4 different
fire energy release rates and 4 widths of doorway
between the burn room and the adjacent corridor space.

In all, 19 different test runs were carried out.

For all tests, data was acquired from vertical
thermocouple and photometer arrays and from video

tape records of micro-miniature light arrays.

Taken together the data revealed that intraspace
environments in the different rooms of a test config—-
uration could be reasonably described by a two-layer
model. Visually, the interface separating the two
layers remained relatively sharp until the upper layer

ramp fire full corridor ramp fire full cerud;r and lobby 5
Z T, T, -1 . B . T, P Z. [ Tg - P Z [T T T P T P, z ] T, -
werer] A e ® o Te o buecer | P B | A T D @ P [meter | 3 3
2.29 70 (80) .29 (96) (130)
1.96 30 (85) 89 1.73 5] 1.98 (108) (184) | 1.73 120
1.68 100 70 (109) (96) | 1.49 1.68 250 190 (120) 280 (210).) 1.49
'1.56 75 95 | 1.38 75 | 1.56 220 335 | 1.38 170
1.37 110 (129) 90 (129) | 1.29 1.37 | 130 280 (171) 310 (221) | 1.29
1.07 [ 30 140 130 (167) 125 (155) | 1.09{ 145 1.07 | 145 335 315 (298) 325 (227) | 1.09 | 335
.93 165 150 | 1.04 115 .93 340 340 [ 1.04 260
.76 | 210 185 185 (192) 185 (200)| .90 155 .76 | 475 690 595 (360) 340 (261) | .90 [ 510
.46 | 300 300 280 (222) 295 (243)| .70 275 46 | 590 720 720 475 .70 | 720
.33 190 230 .50 | 305 .33 350 345 .50
.15 1 305 305 305 305 (243} .30 .15 | 720 720 (281 .30
100 kW __ full corridor 1/2 door 100 kW full corridor 1/4 door
2.29 [€5) N 2,29 (100 (104)
1.98 25 40 (97) (96 | 1.73 10 | 1.98 70 (116) (129) | 1.73 10
1.68 75 60 (118) 65  (96) | 1.49 1.68 95 65 (126) 65 (156) { 1.49
1.56 75 1.38 15 | 1.56 35 150 | 1.38 s
1.37 85 90 (136) 90 (126) | 1.29 1.37 120 120 (169) 125 (212) | 1.29
1.07 120 125 (176) 115 (151) | 1.09 1.07 205 175 (239) (251) | 1.09
.93 145 1.04 90 .93 170 195 220 | 1.04 180
.76 | 85 200 170 (200) 160 (209) | .90 165 76 1 60 340 265 (299) 270  (264) | .90 | 430
.46 | 225 295 265 (225) 275 (243) | .70 295 .46 | 190 440 410 (342) 410 (324) | .70 440
.33 245 .50 | 365 .33 175 325 .50
.15 | 365 365 365 365 (262 .30 .15 | 430 440 (310) 440 .30
100 kW full corridor 1/8 door
2z 60 o o wss o | 8rew in thickness to 1/2-2/3 of the room height.
1.68 105 55 (156 50 (155) | 1.49
1.56 (9£ us) 1.38 s | Vertical temperature profiles revealed a more diffuse
1.37 120 115  (193) 145 (214) | 1.29
Lg; %g 185 (240) 230 (284) i~$ 135 interface. A rule for determining the interface
wBE O o > G o e | e elevation from the vertical instrument array data was
.33 225 .50
‘15 1 470 30 formulated and applied to the data of all test runs.

The results of this were tabulated in Table 1. A
qualified degree of support &as seen to be provided

for the notion that upper layer filling rates in freely
connected multiroom spaces can be estimated from single

room modelvsimulations.

For all test runs it was found that the histories
of the vertically averaged temperatures at the loca~
tions of the 2 or 3 corridor thérmocouple arrays were
essentially identical, This indicated a certain
degree uniformity in conditions along the length of

the corridor.

Estimates of the spatially averaged temperatures
in each room and for all test runs were obtained and
tabulated in Table 2.

The time-varying pressure differential between
the burn room and corridor were measured near the

ceiling and recorded in Table 2.

A method of estimating the instantaneous total
heat transfer out of the bounding surfaces of the test
space was formulated and applied to the thermocouple
data, The method makes use of rates of change in time
of the spatially averaged test space temperature. It
estimates the heat transfer as a fraction, Ac(t), of
the fire's instantaneous total energy release rate,
The histories of the Ac's which were so estimated are
tabulated in Table 2. They indicate that Ac varied
at least within a range .50-,95, where quasi-steady
values during the latter times of the test runs typi~




Table 2. Histories of vertically averaged temperatues in burn rodm, ATA, corridor, ATD,
and lobby, AIE; fraction of Q transferred to surfaces, Ac; near—ceiling'pressure

y

drop across doorway, Ap. ‘ ’

25 kW 1/2 corridor 3/4 coxridor full corridor corridor and lobby
t BT, BT, A 4p 8T, BT, A op AT, BT, . 4p 8T, BT, AT, A fp
sec och P € torr ok ocP ¢ torr och  ocP torr och  ogD  ocE ¢ torr
X102 X102 x102 X102
10 1.7 0.0 .21 5.1 0.0 .36 0.2 0.0 .09
20 4.7 0.1 36| 7.9 0.0 .51 1.1 0.0 .09 4.3 0.3 0.0 b4
30 7.0 0.0 .27 .44 | 10.0 0.0 .44 .67 3,5 0.0 .36 .30 6.1 0.1 0.0 .75 .39
40 8.8 0.1 .34 .48 12.1 0.4 .52 .63 5.6 0.0 .45 .35 6.9 0.2 0,0 .75 49
50 9.8 0.5 .42 .49 | 11.7 0.8 .63 .62 6.4 0.0 .47 .52 8.0 0.5 0.0 .72 .54
60 | 10.9 0.9 .53 .53 | 12.8 0.9 .66 .58 9.7 0.1 .51 .59 9.8 0.8 0,0 .62 .64
70 [ 12.1 1.2 .61 .48 | 12.2 1.5 .69 .58 { 11,2 0.6 .52 .63 | 10.3 1.0 0.0 .62 +68
80 | 12.8 2,0 .66 .48 | 12.4 2.3 .78 .54 | 12.5 0.9 .60 .68 | 11.5 1.1 0.0 .70 .66
90 | 12.9 2.7 .68 .48 | 13.1 2.8 .75 .54 [ 13.1 1.3 .72 .66 | 13.5 1,8 0.1 .71 .68
100 | 13.1 3.2 .66 .47 | 13.5 3.3 .72 .55 | 14.3 1.5 .71 .67 | 12.6 2.4 0.2 .72 67
110 | 13.8 3.6 .69 .45 | 13.2 3.6 .72 .56 | 14,4 2.2 .73 .68 | 13,4 2.5 0.0 .83 .59
120 | 13.6 4.0 .70 .41 | 13.6 3.6 .70 .51 | 14.4 2.6 .76 .67 | 13.1 2.8 0.2 .81 .60
140 | 14.1 5.0 .74 .41 | 14.6 4.4 .70 .50 | 14.4 3.1 .71 .60 | 13.8 3.2 0.3 .81 .63
160 | 15,2 5.6 .79 .39 | 13.4 5.1 .77 .55 | 14.3 3.4 .78 .57 | 14.5 3.6 0.6 .78 .64
180 | 15.7 6.2 .82 .43 | 15.9 5.6 .80 .54 | 13.5 3.7 .88 .54 | 14.2 4.1 0.9 .86 «61
200 | 15.2 6.6 .83 .42 ] 16,0 6.0 ..86 .54 | 13.8 4.2 .82 .54 | 15.0 4.5 1.1 .90 .57
300 | 17.4 7.9 .99 .39 }17.2 7.2 .93 .5 | 15.6 5.2 .93 .57 | 15.9 5.2 1.6 .96 .66
;400 | 18.1 9.0 +40 | 16.9 7.8 .51 | 17.2 6.4 .90 .54 | 16,1 5.6 2.1 ,89 .45
500 17.3 7.0 .92 .55 | 16.8 6.0 2.2 .97 .46
600 18.8 7.7 .57
100 kw
10 {10.2 0.2 .97 5.8 0.0 57 9.8 0.0 .84 5.9 0.0 0.0
15 | 14.8 0.0 1.22 | 10.4 0.0 .92 17.6 0.0 .99 7.8 0.0 0.0
20 | 23.1 0.1 1.34 | 17.3 0.0 1.11 21.0 0.0 .49 1.32 9.5 0.1 0.0 .74 .66
25 25.5 0.7 1.33 | 21.6 0.1 1.30 { 24.1 0.5 .50 1.27 11.4 0.0 0.1 .73 .76
30 26.8 1.4 .38 1.36 { 24,1 0.8 .44 1.30 27.8 1.2 .54 1.32 15.2 0.3 0.1 .72 .84
35 29.3 2.1 .41 1.47 | 27.3 1.2 .45 1.45 29,2 2.2 .56 1.34 17.2 0.8 0.0 .71 .97
40 33.3 3.4 .47 1.30 | 31.2 1.9 .52 1.46 32.8 2.7 .57 1l.42 20.7 1.3 0.0 .67 .95
45 3.3 5.2 -.46 1.34 | 30.8 2.7 .55 1.39 34.4 3.2 .55 1.39% 23.0, 1.7 0.0 .66 1.06
50 35.1 7.0 .51 1.32 33.2 3.3 .54 1.37 34.0 3.9 .60 1.39 25.9 2.1 0.0 .67 1.14
55 35.6 8.2 .53 1.34 34.4 4.1 .58 1.34 35.3 5.0 .60 1.42 28.5 2,8 0.0 .68 1.25
60 36.2 9.5 .63 1.28 34.0 5.8 .64 1,32 35.1 6.2 .60 1.41 29.0 3.7 0.1 .70 1.31
10 37.1 12.2 .65 1.16 | 35.8 8.4 .67 1.27 36.5 7.6 .64 1.24 33.4. 5.3 0.2 ,74 1.33
80 | 40.3 14,5 .63 1.12 | 36.8 10.4 .67 1.23 | 37.6 8.4 .67 1.18 34,7 6.6 0.3 .77 1.35
90 | 41.4 16.7 .69 1.15 | 36.5 12,2 +67 1.17 41.0 10.6 .69 1.15 36.2 7.6 0.7 .78 1.41
100 | 42.5 18.6 .73 1.15 39.1 -13,7 .66 1.12 39.6 11.4 .75 1.13 37.0 8.1 1.0 .81 1.37
150 [ 50.6 24.0 .80 1.11 | 48.3 19.0 .82 1.15 45,7 16.8 .79 1.12 39.4 12.2 3.0 .89 1.33
200 | 55.8 26.5 .89 1.17 | 52.1 21.9 .90 1.16 | 49.4 18.8 .90 1.15 43.1 13.8 5.1 .95 1.25
250 | 56.7, 29.2 .93 1.10 | 54.0 23.7 .89 1.19 53.7 20.5 .93 1.13 | 45.4 15.4 5.8 .94 1.28
300 55.1 25.6 .94 1.11 54,0 22,1 1.13 | 44.6 16.4 6.9 .94 1.16
350 * 45.6 17.3 7.9
225 kW
10 7.2 0.0 .79 8.3 0.0 .80 14.8 0.2 1.11 24,1 0.0 0.1 1.40
15 16.4 0.0 1.12 18.4 0.1 1.18 23.9 0.0 1.60 34.4 0.0 0.1 1.78
20 | 27.2 0.0 1.46 26.2 0.1 1.58 35.5 0.4 1.76 43.3 0.5 0.1 .65 1.91
25 38.0 0.7 1.64 38.8 0.4 1.91 | 40.4 1.7 2.16 51.0 2.6 0.1 .68 2.03
30 | 46.5 1.7 .35 1.82 47.3 1.7 .46 2.01 50.9 2.8 .50 2.26 51.0 3.6 0.1 .70 2.11
35 55.6 3.6 .33 1.78 | S4.0 3.1 .49 2,32 56.6 4.4 ,48 2,31 56.8 4.5 0.1 .72 2.03
40 | 63.1 6.9 .36 1.80 | 63.8 4.6 .49 2,27 | 60.2 6.4 .49 2,38 | 57.6 5.3 0.2 .74 2.20
45 65.4 11.7 .40 1.73 | 66.6 7.1 .52 2.10 | 65.4 9.3 .51 2.48 | 62.2 9.5 0.3 .76 2,22
50 66,7 14,7 .47 1.62 64.4 10.4 .51 2.02 68.6 11.4 .58 2.43 62,0 10.9 0.4 .77 2.18
55 63.6 18.8 .52 1.60 | 66.3 13.0 .57 2.01 68.8 13.9 .59 2.30 63.8 11.8 0.5 .78 2.09
60 | 67.0 20.8 .55 1.42 71.7 15.8 .61 2.03 | 69.0 15.1 .60 2.10 64.8 13.0 0.8 .78 1,98
70 78.6 28.5 .59 1.39 | 69.4 19.9 .62 1.71 78.7 17.5 .62 2.11 65.5 15.3 1.5 .84 1,91
80 179.9 33.4 .63 1.37 | 77.8 23.8 .64 1.79 | 76.0 21.9 .67 1.96 | 65.9 17.3 2.5 .85 1,83
90 | 88.3 37.2 .70 1.33 | 80.3 28.6 .66 1.68 | 78.0 25.2 <74 1.85 | 67.5 18.6 3.7 .85 1.74
100 }89.4 39.9 .71 1.17 | 86.2 32.1 .75 1.61 82.4 27.9 .70 1.78 68.3 19.7 4.8 .87 1.65
150 [101.8 47.0 .93 1.29*| 98.5 38.1 .88 1.53 | 96.2 35.4 .91 1.71 73.1 24.0 9.2 .93 1.60
200 1106.4 52,9 .88 1.32 |103.0 43.8 .93 1.61 | 98.4 39.3 .91 1.80 | 75.0 26.8 11.7 .96 1.61
250 1114.0 58.2 .93 1.26 }106.3 47.8 .91 1.58 {105.2 43.2 .91 1.76 78.1 29.0 13.4 .94 1.58
300 j116.9 63.7 1.27 1115.4 51.9 1.59 [110.7 45.7 .94 1.70 | 81.2 30.9 14.8 .98 1.57
350 112.8 48.7 1.76 84.6 32.3 16.0 1.59
ramp
10 .1 .1 W16 0.4 0.2 .05 1.7 0.1 .28 1.2 0.1 0.0 .12
20 1.9 2 22 0.5 0.2 .07 5.9 0.1 48 2.2 0.0 0.1 ,60 $22
30 3.4 .10.43 .29 1.6 0.1 ,50 12 7.5 0.2 56 3.2 1.0 0.0 .63 .24
40 5.0 .1 .53 .38 2,0 0.0 .49 .22 9.9 0.6 .37 .61 4.6 0,0 0.1 .67 29
50 6.9 .3 .54 42 4.7 0.1 .57 .33 11.5 0.9 .49 .65 4.7 0.1 0.2 .64 <39
60 8.4 5 .59 47 6.5 0.2 .60 .35 12.7 1.5 .66 .67 7.3 0.3 0.2 .67 W45
70 | 10.2 8 .64 .54 8.6 0.4 .68 Jbb 13.8 1.8 .66 .66 9.0 0.4 0.1 .63 .56
80 13.1 1.3 .69 .60 9.4 0.5 .71 W45 14.5 2.4 .65 .71 12.2 0.7 0.2 .67 .62
20 14.9 1.8 .67 .66 10.3 0.7 .70 .50 | 15.5 3.1 .62 .72 13.8 1.0 0.3 .66 .70
100 |17.0 3.0 .70 .67 10.%9 1.0 .62 «54 16.6 3.6 .62 74 16.5 1.5 0.2 ,67 .80
150 30.2 9.0 .73 290 | 23.8 4.6 .63 .98 25.1 6.2 ,67 .96 26.7 4.9 0.6 .74 1.00
200 39.7 16.2 .77 .85 36.1 10.6 .62 1.09 38.4 10.8 .66 1.24 37.5 9.8 1.7 .76 1.29
250 |55.1 23.4 .83 1.05 | 51.9 17.5 .63 1.28 49.4 16.2 .73 1.36 47.2 13.7 3.8 .83 1.36
300 64.3 22,2 .72 1.42 | 58.7 17.2 6.0 .85 1,54
350 73.4 28.1 .83 1.58 63.1 21.4 8.0 .88 1,57
400 82.6 34.4 .80 1.70 73.5 25.3 10.7 .89 1.62
450 86,2 29.6 13.2 ,90 1.73
500 - 94.8 33.5 15.8 .91 1.72
550 102.6 37.6 18.2 .92 1.80
600 112.8 42.4 20.7 1.88
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Table 2. Continued

100 kWjfull corridor 1/2 door |full corridor 1/4 door [full corridor 1/8 door
t 3T, AT, A 4 BT, T. A &p 3T, AT, X\ 4p
sec °CA ocP ¢ toSr och  ocP ¢ torr ok ol ¢ torr
X102 X102 x10?

10 &.1 0.0 .47 | 13.8 0.1 1.08 | 38.3 0.3 2,26
15 6.9 0.0 73 1 22,1 0.1 1.49 | 43.9 0.6 2.34
20 | 12.1 0.1 .90 29.3 0.2 1.80 | 48,1 0.7 2.35
25 16.7 0.0 .47 1.18 34.8 0.2 .35 2.03 | 52.6 0.8 2.45
30 | 22,7 0.0 .50 1.32 1] 42.1 0.7 .43 2.14 | 53.7 1.0 .56 2.66
35 26.6 0.6 .50 1.57 45.8 1.0 .49 2.26 59.2 1.1 .61 2.63
40 ) 31.8 1.0 .50 1.70 | 49.9 1.4 .56 2.30 { 62.0 1.2 .64 2.77
50 [ 40.3 1.7 .51 1.83 | 53.4 1.9 .65 2.34 63.7 1.4 .67 2.65
60 43.2 2.5 .58 1.90 | 57.3 2.1 .66 2,42 70.7 2.2 .74 2.83
70 47.1 5.1 .63 1.98 [ 59.1 3.3 .72 2.47 73.3 2.5 .75 2.76
80 50.2 7.1 .65 1.84 62.4 4.5 .72 2,45 T4.4 2,9 .82 2.78
90 49.2 7.0 .67 1.71 68.0 5.1 .72 2.43 76.4 3.6 .84 2.85
100 | 50.4 8.8 .75 1.75 65.9 5.6 .78 2,39 77.2 3.9 .84 2.94
150 | 55.7 13.2 .81 1.62 69.0 9.0 .88 2,27 82.6 5.9 .91 2,77
200 | 57.5 16.5 .88 1.56 72.5 11.2 .90 2.36 87.8 7.0 .90 2.96
250 | 60.5 18.7 .87 1.67 75.4 12.8 .92 2.29 89.8 8.6 .91 3.08
300 ; 62,7 20.2 .89 1.63 79.6 13.9 .94 2,31 | 93.9 9.6 .95 2.97
350 | 64.5 21.7 1.60 79.2 15.1 .90 2.33 | 96.0 10.4 .95 2.91
400 82.0 15.8 .94 2.40 99.2 11.6 .93 2.87
450 99.6 12.2 3.09

cally fell in the range .80~-.95. By these results a
major challenge to analysts of enclosure fire phenomena
was thereby identified; namely, to provide reasonably
accurate apriori estimates for the heat transfer to
enclosure boundaries. In this regard, considerable
progress in estimating heat transfer to ceiling
surfaces of rooms of fire origin has already been made
[13,14].

results from both experimental and theoretical efforts.

Further advances will require additional
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ESTIMATING THE RATE OF HEAT TRANSFER TO THE
ENCLOSURE SURFACES

APPENDIX:

The energy and continuity equations for the

enclosure can be written as

S fpedt + [ peV.ndS = Q(1-r ) - P f V.ndS (a-1)
dt c

T S S
4 rodr & I gV.nds = 0 (A-2)
dt | S

where p is the density, e is internal energy, T and
S are the volume and bounding surface of the enclosure
space, and where P, the absolute pressure, is approxi-~

mated as being uniform in t. Also, V is the velocity

and n is the outward surface normal vector.

e is now expressed as

+C (T-T ) ‘% (A-3)

€= hamb F Bl =5 = hamb P amb

o |

amb

where h, the enthalpy, is decomposed into its ambient

value, hamb’ and variations from hamb‘ Substituting

Eq. (A-3) into Eq. (A-1) and using Eq. (A-2) results
in

d dp
a_ = . ~T
at i pCp (T Ta b)dT Tdt S pC, (T N

P

Q-1




The 1dP/dt term in the above is related to work done
as a reéalt'éfrﬁréssure changes within 1, and it will
tend to be negligible compared to the emergy transfer
term on the right-hand side [1]. The surface integral
can also be neglected since, by design, leakage from
T is assumed to occur near the floor of the corridor

where T Ta Finally, it is reéecnable to approxi-

mb *

mate p in the above by Py Incorporating all of

mb °
these approximations leads to the Eq. (4) representa-

tion for X .
c
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